Abstract: Four new meroterpenoids 1-4 and four new isocoumarinoids 5-8, along with five known isocoumarinoids (9-13), were isolated from the fungus Myrothecium sp. OUCMDZ-2784 associated with the salt-resistant medicinal plant, Apocynum venetum (Apocynaceae). Their structures were elucidated by means of spectroscopic analysis, X-ray crystallography, ECD spectra and quantum chemical calculations. Compounds 1-5, 7, 9 and 10 showed weak α-glucosidase inhibition with the IC 50 values of 0.50, 0.66, 0.058, 0.20, 0.32, 0.036, 0.026 and 0.37 mM, respectively.
Introduction
Since the discovery of penicillin, fungi have been an important source of lead compounds for drug development, which have provided a lot of attractive natural products (NPs) with different biological activities [1] [2] [3] . With the increase of study on the terrestrial fungal NPs, more and more known compounds were isolated repeatedly. Therefore, many researchers turned their attention to the fungi isolated from specific habitats, such as the marine-derived fungi [4] [5] [6] [7] and the fungi associated with the plants or animals [8] [9] [10] [11] .
As part of our ongoing studies to search for bioactive NPs from fungi derived from special niche [12] [13] [14] [15] [16] , we screened the fungus Myrothecium sp. OUCMDZ-2784 which is associated with the salt-resistant plant A. venetum (Apocynaceae) growing in the Yellow River Delta, a traditional Chinese medicine used for treatment of hypertension [17] and heart failure [18] . Myrothecium sp. has been reported to produce trichothecenes [19] , sesquiterpenes [20, 21] , diterpenes [22] and cyclopeptides [23] with cytotoxic and antibacterial activities. The ethyl acetate (EtOAc) extract of the fermentation of Myrothecium sp. OUCMDZ-2784 showed 75% inhibition of α-glucosidase at 286 µg/mL. Chemical study resulted in the isolation and identification of four new meroterpenoids, myrothecisins A-D (1-4) and four new isocoumarinoids that were identified as tubakialactone B (9) [24] , acremonone G (10) [25] , 6,8-dihydroxy-3-methylisocoumarin (11) [26] , 3,4-dimethyl-6,8-dihydroxyisocoumarin (12) [27] and sescandelin B (13) [28] , respectively by comparing 1 H and 13 C NMR spectra ( Figure S57 , Table S1 ) as well as ESIMS spectra ( Figure S59 ) with those reported.
Results and Discussion
Myrothecisin A (1) was isolated as a pale-yellow oil. Its molecular formula was assigned as C25H34O7 by the HRESIMS peak at m/z 469.2188 [M + Na] + ( Figure S58A ), indicating nine degrees of unsaturation. The 13 C NMR ( Figure S6 ) spectrum of 1 showed 25 signals that were classified by DEPT ( Figure S7 ) and HSQC ( Figure S8 ) as an aldehyde carbonyl carbon (δC 193.8) Figure S5 ) and HSQC NMR showed the singlet signals at δH 10.06 and 6.56 for an aldehyde proton and an aromatic proton, respectively. The key HMBC ( Figure S10 ) correlations from H-7′ (δH 10.06) to C-2′/C-3′/C-4′, 2′-OH (δH 12.16) to C-1′/C-2′/C-3′, H-5′ (δH 6.56) to C-1′/C-4′/C-6′/C-8′, H-8′ (δH 4.74) to C-3′/C-4′/C-5′ and 8′-OH (δH 5.44) to C-4′/C-8′ suggested a pentasubstituted benzene ring ( Figure 2 ). The homonuclear correlation spectroscopy COSY correlations from H-1 through H-2 to H-3 and H-5 through H-6, H-7 and H-8 to H-12 ( Figure 1 and Figure S9 ), along with the key HMBC correlations from H-2 to C-4/C-10/C-16, H-3 to C-5/C-13/C-14, 3-OH to C-2/C-3/C-4, H-1 to C-2/C-3/C-10/C-15, H-15 to C-1/C-5/C-9/C-10, H-5 to C-3/C-4/C-6/C-13, H-6 to C-5, H-7 to C-8, H-13 to C-3/C-5/C-14, H-14 to C-3/C-5/C-13, H-12 to C-7/C-8/C-9 and H-17 to C-16 revealed a sesquiterpene fragment (Figure 2 ). The connection of the above-mentioned two fragments were confirmed by the key HMBC correlations from H-11 to C-8/C-9/C-10/C-1′/C-2′/C-6′ ( Figure 2 ) [29] . The relative configuration of 1 was determined by the NOESY correlations from H-8 to H-11 and H-15, H-3 to H-5 and H-13, H-2 to H-14 and H-15 and H-11 to H-15 ( Figure 3 and Figure S11 ). The absolute configuration of 1 was determined by calculation of electronic circular dichroism (ECD) using time-dependent density functional theory (TDDFT) ( Figure S1 ) [30, 31] and the measured ECD spectrum of 1 matched well with the calculated ECD spectrum for (2R,3R,5S,8R,9R,10S)-1 ( Figure 4 ). The molecular formula of 2 was also determined as C25H34O7 by the HRESIMS peak at m/z 469.2200 [M + Na] + ( Figure S58B ), implying that 2 is an isomer of 1. Comparison of its 1 H and 13 C NMR spectra (Figures S12-S16) with those of 1 revealed that the acetyloxy group in 2 was on C-3. This was confirmed by the HMBC ( Figure S17 ) correlation from H-3 (δH 4.29) to C-16 (δC 170.3) (Figure 2 ). The similar NOESY correlations ( Figure 3 and Figure S18 ) suggested that 2 has the same relative configuration as 1. The similarity of ECD curves between 2 and 1 ( Figure 5 ) indicated the same absolute configurations of its stereogenic carbons. Therefore 2 was named myrothecisin B. The molecular formula of 2 was also determined as C 25 H 34 O 7 by the HRESIMS peak at m/z 469.2200 [M + Na] + ( Figure S58B ), implying that 2 is an isomer of 1. Comparison of its 1 H and 13 C NMR spectra (Figures S12-S16) with those of 1 revealed that the acetyloxy group in 2 was on C-3. This was confirmed by the HMBC ( Figure S17 ) correlation from H-3 (δ H 4.29) to C-16 (δ C 170.3) (Figure 2 ). The similar NOESY correlations ( Figure 3 and Figure S18 ) suggested that 2 has the same relative configuration as 1. The similarity of ECD curves between 2 and 1 ( Figure 5 ) indicated the same absolute configurations of its stereogenic carbons. Therefore 2 was named myrothecisin B. Figure S58C ). The 13 C NMR ( Figure S20) Figures S19-S24 ) data revealed the presence of a substituted benzene ring and a sesquiterpene unit, indicating 3 was an analogue of 1 and 2. Comparison of the 1 H and 13 C NMR spectra with those of 1 and 2 suggested a same pentasubstituted benzene ring. The structure of the sesquiterpene unit was slightly modified and was determined by the COSY ( Figure S23 ) correlations from H-1 through H-2 to H-3 and H-5 through H-6, H-7 and H-8 to H-12 and the key HMBC ( Figure S24 ) correlations from H-3 to C-2/C-4/C-10/C-13/C-14, H-17 to C-16, H-1 to C-3/C-9, H-15 to C-10, H-8 to C-9, H-5 to C-9/C-13, H-12 to C-7 and H-2 to C-4/C-10 ( Figure 2 Table 1) . Analysis of its 1D and 2D NMR ( Figures S19-S24 ) data revealed the presence of a substituted benzene ring and a sesquiterpene unit, indicating 3 was an analogue of 1 and 2.
Comparison of the 1 H and 13 C NMR spectra with those of 1 and 2 suggested a same pentasubstituted benzene ring. The structure of the sesquiterpene unit was slightly modified and was determined by the COSY (Figure S23 ) correlations from H-1 through H-2 to H-3 and H-5 through H-6, H-7 and H-8 to H-12 and the key HMBC ( Figure S24 ) correlations from H-3 to C-2/C-4/C-10/C-13/C-14, H-17 to C-16, H-1 to C-3/C-9, H-15 to C-10, H-8 to C-9, H-5 to C-9/C-13, H-12 to C-7 and H-2 to C-4/C-10 ( Figure  2 ). The HMBC correlations from H2-11 (δH 2.68/2.53) to C-8/C-10/C-15/C-2′/C-6′ (Figure 2 ) confirmed the connection between the sesquiterpene fragment and the benzene ring. The relative configuration of 3 was determined by the NOESY ( Figure S25 ) correlations from H-13 to H-3 and H-5, H-8 to H-15, as well as H-5 to H-11 ( Figure 3 ). The absolute configuration was determined as (3S,5R,8R,9R)-by comparison of the calculated and experimental ECD spectra ( Figure 4 and Figure S2 ). Therefore 3 was named myrothecisin C.
The molecular formula of 4 was assigned as C23H32O5 by the HRESIMS peak at m/z 411.2139 [M + Na] + ( Figure S58D ), which was C2H2O less than that of 3. The similarity of the UV and NMR data between 3 and 4 (Table 1) suggested that 4 possesses the same skeleton as 3. Careful comparison of their 1 H and 13 C NMR spectra ( Figures S26-S31) showed that the acetyloxy group (δC 21.0/δH 1.98 and δC 169.8) in 3 was replaced by a hydroxy group (δH 4.13) in 4 ( Table 1 ). The NOESY data ( Figure 3 and Figure S32 ) suggested that 4 has the same relative configuration as 3. The ECD Cotton effects of 4 were nearly identical to those of 3 ( Figure 5 ), indicating the same absolute configurations of the corresponding stereogenic carbons. Thus, 4 was named myrothecisin D. Table 2 ). The key HMBC correlations (Figure 2 and Figure S38 ) from CH3O-6 to C-6, HO-11 to C-4/C-12, H-11 to C-3/C-10, H-3 to C-1/C-10, H-5 to C-4/C-7/C-9 and H-7 to C-9 along with the continuous COSY correlations of HO-11 (δH 5.50)/H-11 (δH 4.66)/H-12 (δH 3.51, 3.62)/HO-12 (δH 4.81) ( Figure S37 ) revealed that 5 possesses a 4,6,8-trisubstituted isocoumarin skeleton with a hydroxy, a methoxy and a 1,2-dihydroxy ethyl at C-8, C-6 and C-4, respectively. The structure of 5 was further confirmed by X-ray crystallography ( Figure 6 ). Because the value of the Flack parameter [−0.2(2)] was large, the absolute configuration determined by X-ray crystallography was not reliable. Thus, the ECD calculation method was used to further confirm the absolute configuration of C-11 of 5 as 11R- (Figure 4 and Figure S3 ). Consequently, 5 was named myrothelactone A.
Compound 6 was obtained as a white powder. Its molecular formula was determined as C12H10O7 based on the HRESIMS peak at m/z 265.0355 [M − H] − ( Figure S58F ). The UV and 13 C NMR data of 6 (Table 2) were similar to those of 5, indicating that they have the same isocoumarin scaffold. Comparison of their 1 H and 13 C data ( Figures S39-S43 ) indicated that the hydroxymethyl group (δC/H 64.8/3.62&3.51, δH 4.81) in 5 was replaced by the carboxyl group (δC 173.4). This change was verified by the key HMBC ( Figure S44 ) correlations from H-11 to C-3/C-10/C-12. The absolute configuration of C-11 of 6 was determined as 11R-by comparison of the calculated and experimental ECD spectra ( Figure 4 and Figure S4 ). Therefore, 6 was name myrothelactone B. (2)] was large, the absolute configuration determined by X-ray crystallography was not reliable. Thus, the ECD calculation method was used to further confirm the absolute configuration of C-11 of 5 as 11R- (Figure 4 and Figure S3 ). Consequently, 5 was named myrothelactone A.
Compound 6 was obtained as a white powder. Its molecular formula was determined as C 12 H 10 O 7 based on the HRESIMS peak at m/z 265.0355 [M − H] − ( Figure S58F ). The UV and 13 C NMR data of 6 (Table 2) were similar to those of 5, indicating that they have the same isocoumarin scaffold. Comparison of their 1 H and 13 C data ( Figures S39-S43 ) indicated that the hydroxymethyl group (δ C/H 64.8/3.62&3.51, δ H 4.81) in 5 was replaced by the carboxyl group (δ C 173.4). This change was verified by the key HMBC ( Figure S44 ) correlations from H-11 to C-3/C-10/C-12. The absolute configuration of C-11 of 6 was determined as 11R-by comparison of the calculated and experimental ECD spectra ( Figure 4 and Figure S4 ). Therefore, 6 was name myrothelactone B. (Figure S58G) , which was only two hydrogen atoms less than that of 5. The difference observed in the NMR spectra of 7 and 5 was that the signals for hydroxymethine (δ C/H 68.8/4.66) in 5 were replaced by the signal of a carbonyl group (δ C-11 198.3) in 7 ( Table 2 , Figures S45-S49 ). The HMBC ( Figure S50 ) correlations from H-3 (δ H 8.47) and H-12 (δ H 4.57) to C-11 further confirmed the structure of 7 which was name myrothelactone C (Figure 2) .
The molecular formula of compound 8 was determined as C 12 H 10 O 6 on the basis of its HRESIMS peak at m/z 249.0407 [M − H] − (Figure S58H) , which is an isomer of 7. Analysis of its 1 H and 13 C NMR spectra showed that 8 also had the same isocoumarin scaffold, whose difference is the replacement of carbonyl (δ C 198.3), hydroxymethyl (δ C 65.9, δ H 4.57/5.28) and sp 2 methine (δ C 153.1, δ H 8.47) signals in 7 by two sp 2 non-protonated carbons (δ C 173.9, 151.0) and methyl (δ C 17.9, δ H 2.29) signals in 8 ( Table 2 , Figures S51-S55 ). The HMBC correlations from H-12 (δ H 2.29) to C-3 (δ C 151.0) and C-4 (δ C 118.7) suggested the methyl substitution at C-3 ( Figure 2 and Figure S56 ). The chemical shift of the carboxyl signal (δ C 173.9) together with 2D NMR data indicated the carboxyl substitution at C-4. The structure of myrothelactone D (8) was therefore determined (Figure 2) .
The α-glucosidase inhibitory activity of 1-13 was preliminarily investigated. Compounds 1-5, 7, 9 and 10 exhibited inhibitory activity against the human-sourced α-glucosidase recombinant expressed in Saccharomyces cerevisiae [31] [32] [33] with IC 50 values of 0.50, 0.66, 0.058, 0.20, 0.32, 0.036, 0.026 and 0.37 mM, while the IC 50 value of positive control acarbose was 0.47 mM. Due to the low activity, the deeper investigation of the mechanism and type of enzymatic inhibition as well as the binding mode were not done.
Experimental Section

General Experimental Procedures
Optical rotations were measured using a JASCO P-1020 digital polarimeter (JASCO Corporation, Tokyo, Japan). UV spectra were obtained on a Beckman DU 640 spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA). CD data were performed using a JASCO J-815 spectropolarimeter (JASCO Corporation, Tokyo, Japan). IR spectra were obtained on a Nicolet Nexus 470 spectrophotometer (Thermo Nicolet Corporation, Madison, WI, USA) as KBr discs. NMR spectra were recorded on a Varian System 500 spectrometer (Varian, Palo Alto, CA, USA) or a Bruker Avance 600 spectrometer (Bruker, Fallanden, Switzerland) using residual solvent signals for referencing and chemical shifts were recorded as δ values. HRESIMS spectra were measured using the Q-TOF ULTIMA GLOBAL GAA076 LC mass spectrometer (Waters Asia, Ltd., Singapore). Semi-preparative HPLC was performed using an ODS column (YMC-pack ODS-A, 10 mm × 250 mm, 5 µm, 4.0 mL/min, Kyoto, Japan). TLC and column chromatography (CC) were performed on plates pre-coated with silica gel GF 254 (10-40 µm, Qingdao Marine Chemical Factory, Qingdao, China) and Sephadex LH-20 (Amersham Biosciences, Uppsala, Sweden), respectively. Vacuum-liquid chromatography (VLC) utilized silica gel H (Qingdao Marine Chemical Factory).
Collection and Phylogenetic Analysis
The fungus OUCMDZ-2784 was isolated from Apocynum venetum (Apocynaceae) collected from the estuary of Yellow River, Dongying, China. The leaves of the plant were washed with tap water and sterile distilled water in sequence. Then, it was cut into small pieces, which were then put into a centrifuge tubes filled with different concentrations of sucrose solution. These tubes were centrifuged at 1200 rpm for 20 min. Four zones were separated by improved discontinuous sucrose gradient centrifugation. The interface between the third and the fourth bands was deposited on a PDA (200 g potato, 20 g glucose, 20 g agar per liter of sea water) plate containing chloramphenicol (100 µg/mL) as a bacterial inhibitor and was then cultured at 28 • C for 3 days. A single colony was transferred to PDA agar media and was identified as Myrothecium sp. according to its morphological characteristics and 18S rRNA gene sequences (GenBank accession No. KF977010).
Cultivation and Extraction
Fungus OUCMDZ-2784 was prepared on PDA agar medium. Spores were incubated at 28 • C for 48 h on a rotary shaker with shaking at 120 rpm in a 500 mL cylindrical flask containing 150 mL liquid medium (20 g maltose, 20 g mannitol, 10 g glucose, 3 g yeast extract, 10 g monosodium glutamate per liter of sea water). The cultures were transferred to 350 × 1000 mL Erlenmeyer flasks and each containing 300 mL liquid fermentation media (1 g peptone, 10g soluble starch per liter of sea water, pH 7.0). The flasks were incubated at room temperature under static conditions for 30 days. The cultures were extracted three times by EtOAc and the combined EtOAc extracts were dried in vacuo to yield 20.1 g of extract.
Purification
The extract (20.1 g) was fractionated by VLC, eluting with a step gradient of CH 2 Cl 2 -petroleum ether (50-100%) and MeOH-CH 2 Cl 2 (0-50%) and five fractions (Fr.1-Fr.5) were collected. 
α-Glucosidase Inhibitory Assays
The human-sourced α-glucosidase was recombinant expressed in the yeast Saccharomyces cerevisiae and the inhibitory effects of compounds 1-13 were tested using p-nitrophenyl-α-D-glucopyranoside (pNPG) as substrate [31] [32] [33] . The sample was dissolved in sodium phosphate buffer (PBS, pH 6.8) at three concentrations. 10 µL of the sample solution, 20 µL of 2.5 mM pNPG solution (in phosphate buffer) and 20 µL of PBS were mixed in a 96-well microplate and incubated at 37 • C for 5 min. A volume of 10 µL of α-glucosidase diluted to 0.2 U/mL by 0.01 M PBS was then added to each well. After incubating at 37 • C for 15 min, the absorbance at 405 nm was recorded by a Spectra max 190 micro plate reader (Molecular Devices Inc., San Jose, CA, USA). The blank was prepared by adding phosphate buffer instead of the α-glucosidase and the positive control was acarbose. Blank readings (no enzyme) were subtracted from each well and results were compared to the control. The inhibition (%) was calculated as [1 − (OD drug /OD blank )] × 100%. The IC 50 value was calculated as the compound concentration that is required for 50% inhibition and the IC 50 value of acarbose was 0.47 mM.
Conclusions
This study revealed eight new fungal NPs, meroterpenoids 1-4 and isocoumarinoids 5-8, from the culture of the salt-tolerant plant-associated fungus Myrothecium sp. OUCMDZ-2784. The new compounds 1-5 and 7 exhibited α-glucosidase inhibitory activity. Combined with bioactive NPs from mangrove-derived fungi [34] [35] [36] [37] [38] , the results indicated that fungi living in the salt-tolerant plants are an important biological resources for new and bioactive NPs. Figure S57 : 1 H-and 13 C-NMR spectra of compounds 9-13 in DMSO-d 6 , Figure S58 : HRESI-MS spectra of compounds 1-8, Figure S59 : ESI-MS spectra of compounds 9-13, Table S1 : 1 H and 13 C NMR data for compounds 9-13 in DMSO-d 6 .
